JOURNAL OF GEQPHYSICAL RESEARCH, VOL. 104, NO. C9, PAGES 20,703-20,711, SEPTEMBER 15, 1999

The world’s most spectacular marine hydrocarbon seeps
(Coal Oil Point, Santa Barbara Channel, California):

Quantification of emissions

1. Scott Hornafius,' Derek Quigley,? and Bruce P. Luyendyk-

Institute for Crustal Studies, University of California, Santa Barbara

Abstract. We used 50 kHz sonar data to estimate natural hydrocarbon emission rates from the 18
km? marine seep field offshore from Coal Oil Point, Santa Barbara, California. The hydrocarbon
gas emission rate is 1.7 £ 0.3 x 10° m3d™! (including gas captured by a subsea seep containment
device) and the associated oil emission rate is 1.6 + 0.2 x 104 Ld"! (100 barrels d-'). The
nonmethane hydrocarbon emission rate from the gas seepage is 35+ 7 td"! and a large source of
air pollution in Santa Barbara County. Our estimate is equal to twice the emission rate from all
the on-road vehicle traffic in the county. Our estimated methane emission rate for the Coal Qil
Point seeps (80 = 12 td-!) is 4 times higher than previous estimates. The most intense areas of
-seepage correspond to structural culminations along anticlinal axes. Seep locations are mostly -
unchanged from those documented in 1946, 1953, and 1973. An exception is the seepage field
that once existed near offshore oil platform Holly. A reduction in seepage within a | km radius
around this offshore platform is correlated with reduced reservoir pressure beneath the natural seeps
due to oil production. Our findings suggest that global emissions of methane from natural marine
seepage have been underestimated and may be decreasing because of oil production.

1. Marine Seeps in the Santa Barbara
Channel

Abundant natural hydrocarbon seeps occur on the
continental shelf along the northem margin of the Santa
Barbara Channel. The seeps emit both liguid and gaseous
hydrocarbon phases, with gas predominating at the offshore
vents that are the focus of this study. The most active gas
seeps fomm visible boils where they reach the sea surface.
Litcrature reviews of marine hydrocarbon seepage usually
conclude that the area along the northern Santa Barbara
Channel is one of the most prolific hydrocarbon seepage areas
in the world [Landes, 1973; Wilson et al., 1974; Hovland
and Juddd, 1992]. Other areas of intense natural marine seepage
cceur in the Caspian Sea [Gufiev and Feizullayev, 1996], and
in the Gulf of Mexico [MacDonald et al., 1993].

The escape of this natural gas to the atmosphere is a
significant source of reactive organic gases (ROG), which are
a precursor to smog-forming ozone in Santa Barbara County.
Chemical analysis of air grab samples collected from airplanes
over the Santa Barbara Channel suggests that geogenic
sources of hydrocarbon trace gases (natural seeps) dominate
over anthropogenic sources (automobile emissions) and that
86% of the nonmethane hyvdrocarbons in these samples
originated from natural seeps [Killus and Moore, 1991]. The
natural hydrocarbon seeps in the Santa Barbara Channel are
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also the principle source of dissolved wmethane in the
California Current [Cynar and Yavanos, 1992].

The most intense area of natural secpage in the Santa
Barbara Channel is the Coal Oil Point seep field about 13 km
west of the city of Santa Barbara (Figure 1). These seeps were
observed by the earliest Spanish settlers and English
explorers [Wilkinsor, 1972]. The Coal Qil Point seeps
produce large oil slicks that extend for up to 10 km from their
vents and have been extensively studied by remote sensing
techniques [e.g., Kraus and Estes, 1977, Kraus et af,, 1977,
Estes et al., 1985]. The oil in the slicks evaporates as it ages
on the ocean surface and is converted to isolated tar globules.
These tar balls often wash ashore, resulting in the abundant
tar found on southern California beaches [Meriz, 1959;
Welday, 1977]. All of the tar found on Santa Barbara’s
beaches, as well as 55% of the tar on Los Angeles County’s
beaches, is derived frem the Coal Oil Point seeps [Kolpack,
1977: Hartman and Hammond, 19811},

Each scep in the Coal Qil Point field is located above an
anticline that contains oil in the Miocene-age Monterey
Formation [Fischer und Stevenson, 1973; Fischer, 1977]. The
hydrocarbons escape from the Monterey Formation through
fractures in the overlying Pliogene-age Sisquoc Formation.
Isotopic analysis of the oil from the natural slicks indicates
that the oil is derived from the Monterey oil reservoir [Reed
and Kaplan, 1977). The amount of oil found in the Monterey
Formation offshore from Coal Oil Point is estimated to be in
excess of 1 billion barrels. Of this total, only [5% is
comnercially recoverable, owing to the low permeability of
the formation. Platform Holly has already produced 50 million
barrels of oil from an arca within 2 km of the platform. An
additional 100 million barrels of recoverable oil is found in
the South Ellwood anticline to the southeast of Platform
Holly, beneath the La Goleta seep field (Figures 2 and 3).
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Figure 1. Locations of natural hydrocarbon seeps mapped between 1946 and 1973 offshore from Coal il Point near Santa Barbara
(after Fischer, 1977, Fischer and Stevens, 1973]. Also shown are the locations of the seep containment tents, platform Holly, and the
50 kHz sonar track lines acqired in 1994 and 1995 that are discussed in this paper.

There is a well-developed community of bottom-dwelling
marine organisms in the sediments associated with the seeps
at Coal Oil Point [Spies and Davis, 1979]. Comparison of the
benthic fauna at an oil seep with the fauna in an area free of
seepage showed that there are higher densities of individual
organisms near the seep [Davix and Spics, 1980]. Bacteria can
metabolize the hydrocarbons, which forms the basis of a food
chain [Dando and Hoviand, 1992]. This is tetlected in the
lighter carbon isotepe composition in the macrofauna found in
the vicinity of the seeps [Spies and Desmarais, 1983, Bauwer
et al., 1990].

In 1982 a seep containment device was placed on the
seatloor 1.5 km east of oil platform Holly (Figure 1}). This
device comprises two steel pyramids or tents measuring 100
by 100 feet (30 by 30 m) that capture cmisstons from numerous
hydrocarbon seeps [Rintou!, 1982).  Captured gas is sent
ashore through a seaftoor pipeline for commercial sale. The
emission rate in 1982 was 4.2 x 0% m3d' (1.5 x 10° feet’d’").
Rates started declining in 1989 and were down to 1.9 x 107
mid! (0.65 x 100 feet’d!) by late 1994,

The goals of our study were to fully map the distribution of
seepage within the Coal Oil Pamt field, to develop methods
to estimate the volume discharge of seep gases, and to detect
time variation in gas seepage. We were particularly interested
in detecting any effects of oit production fiom offshore
reservoirs on the seepage rates. Our work employed more
precise navigation and greater acrial coverage than previous
studics. We also calibrated our sonar surveys in order to
estimate the volume discharge of gasses.

2. Sonar Surveys

Four 5+ kHz sonar surveys were conducted aboard the R/V
Genoa in 1994 and 1995 (tracks in Figure 1). The R/V Genoa
was equipped with a hull-mounted 30 kHz Raytheon wide-
beumn transducer (model MCPT 25-05}). The analog signal was
recorded with a Raytheon IRC JFF-770 paper chart recorder.
Chart and transceiver settings were held constant on all
surveys. Navigation was by differential Global Positioning
System (GPS), using a Magellan 52DX; accurate to £ 2 m}) for
all surveys. The cruising speed for the surveys ranged from 5.6
to 8.4 knots, (2.8 to 4.2 ms') with an average of 7 knots (3.5
ms'). This  produccd paper records with  a  vertical
exaggeranion of 40:1. given the chart recorder speed.

The strength of acoustic returns from gas bubbles in water
15 proportional to the cross-scctional area of the bubbles
[Vagle and Furmer, 19921, A proportional relationship exists
between scattering cross-section and bubble radius, except
when the radius is equal to the resonance frequency of the
source, in which case the effective cross section is about 2
orders of magnttude higher. For a 50 kHz source, the bubble
resonant size ts 0.1 nm radius [Medwin, 1977, Fagle and
Farmer, 1992]. Measurements of bubble size distribution in
photos of the ocean surtace for the Coal Oil Point secp field
indicate a dominant radius in the range of 1-15 mm, with a
mean radius of 6 mm. We used a 30 kHy source in this study,
because the scep bubble size distribution does not overlap
with the resonant frequency diameter for this  acoustic
frequency. In a related study we also used 3.5 kHz sonar data
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antity the emission rates [Quigley, 1997]. In the 3.5 kHz
the data were digitally recorded. However, we could
-digitally record the 50 kHz dat, because the digitization
“of our cquipment was only 10 kHz.

Relative gas seepage volumes were quantificd by digitally
scanning the paper sonar records (Figure 2; 200 dots inch™';
156 gray scale) and then analyzing the relative darkness of the
gray-scale digital images of the bubble plumes. This assumes
that the seep bubble plume produces a paper sonar image that
is darker for larger bubble populations (greater scattering
cross section). A data window on the digital images between
25 10 37.5 ms refiection time below the irunsducer {which is
equivatent to approximately 18 to 28 mbelow sea level) was
extracted for quantitative evaluation. The relative signal
darkness in this window was normalized to the strength of the
outgoing senar pulse (the primary signal recorded at the top
of the churt; see Figure 2), The relative darkness of the image of
the seep bubbles within the time window was computed from:

3 = (a-PYy-B, (n
where & is the fraction of the primary that returns as reflected
energy, o is the mean gray-scale value of cach vertical column
of pixels within the data window, ¥ is the mean gray-scale
value of the primary signal, and B is the mean gray-scale value
of the background for that image. The values of & were
averaged along 30 mintervals of track, gridded with a 100 m
grid spacing, and contoured (Figure 3).
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Figure 2. A 50 kHz sonar record along the axis of the South Ellwood anticline, offshore frm Coal Qil Point (location shown in Figure
3). Seep bubbles in the water column are shown as dark curtains. Thedashed line outlines the digital sampling window, The area of
intense seepage in the east is named the La Goleta seep. Qur quantitative estimateof seepage rate is 8.9 x 10'm* d* (3.1 x 10 feet * &)

for the La Goleta seep field and 1.3 x 10m *d* (4.7 x 10* feet * d) for the area around the seep tents. In addition to this uncontained
seepage, the man-made seep tents were collecting 1.0 x 10m* ™) (3.5 x 10° feet * d'') at the time this record was acquried (November

Calibration of the 50 kHz sonar images to bubble plume
volume was achicved by imaging bubbles leaking from
compressed air bottles (scuba tanks) placed on the seafloor at
&0 m. The bottles had a capacity of 2 m* (71.4 feet’) of air
(STP) at 2.27 x 107 pascals (3300 psi). This is the size and
pressure rating of commercially available scuba tanks. The
Genoo made several profiles at 7 knots (3.3 ms!) over the
leaking bottles in each experiment, The experiment was
repeated at the end of cach cruise with different leaking rates
each time. The air was rcleased through partially open
regulators for a period of 30 to 40 min on the seafloor. The
pressure in the bottles and time was recorded on the ship deck
at the beginning and end of the deployment, and the amount of
gas released was calculated from Boyle's law. The rate of
leakage was assumed to be constant during the experiments.

The & values are not linearly correlated with the release rate
data (Figure 4). The 50 kHz recording system did not respond
linearly, and it appears to saturate at high gas seepage rates,
cither because of the electronics or the chart paper or both. If
high seepage rates caused saturation in our experiment, then
we have underestimated the emission rates. A frequency
distribution for 2700 data indicates that 90% of the sonar
returns are within the linear range. Assuming that the chart
recorder was responding linearly in the lower release rate
experiments, the relationship between &— values and gas
emission rates £ from the compressed air bottles is




20,706 HORNAFIUS ET AL.: MARINE HYDROCARBON SEEPS, CALIFORNIA

-~
Q >100x103m3/m2day =
H 50-100x1073m3/maday
AN

12.5-50x10-*m?/m>day

3 Mile Limit

119°65'W
I

19" 54' W 119" 53' W

Coal Oil
Point

A,—\
34" 25' N

Goleta

——
—

~
\ 34" 24'N-

34' 23'N-

119" 52''W 119°51'W 119" 50" W

) t l

Figure 3. Map of seep intensity in the Coal Oil Point seep field. The seep intensity is espressed as a flux calculated from calibrated
sonar data. The dashed line is the location of the formation contact between the Pliocene Sisquoc Formation and the Reistocene Repetto

Formation, where it intersects the scafloor or is uncomformably overlain by Holocene sediments. Anticlinal axes are also shown. The
data in Figure 2 were taken along the anticlinal axis between points “A” and B.”

E=¢b4, 2y

where E is the emission rate in volume per area per day, ¢ is
the calibration factor, and 4 is the area of the sonar beam in the
data window, The 30 kHz transducer has a focused beam
width of 35°. At a depth of 23 m (the midpoint of the analysis
window) this is cquivalent to insonitving a 14 m wide swath,
The area surveyed is then 4 = track length x 14 m.

Fitting the data in the two lower release rate experiments
through the origin gives ¢ = 0.117% (L0006 m?m2d! (error
estimatc is the first standard deviation). R7 is 0,965 for three
points.  We assign a 95% uncertainty of 0.012 to ¢ This
assigns  about a 10" uncertainty to  volume emission
estimates; however, we arbitrarily use a higher uncertainty of
15% to account for other cerrors such as instrumental and
interpretive crrors.

From the value of ¢, the total gas flux to the ocean surface Jg
can be caleulated from

Jg = e X(8. 4., (3)

where 8;, is the average value of normalized seep intensity at
each grid node and 4,4 is the grid cell size used in the
egridding process. The total gas flux Jg was computed  for all
8. > 0. This differs trom the procedure used by Quwigler [1997],
who calculated totad gas flux J, using only those gnd nodes
with 8, > (.10 for the 50 kHz data. The procedure used by
Quigley [1997] is inconsistent with the calibration technique
described here and arbitrarily  reduces the calculated
emissions by 30% for the same data set (Table 1}

Our estimate of emission rates does not include the
ncarshore areas {north of 34°24'N), where our survey grid was
inadequate to sample the shallow-water seeps (Figure 1)
Threc arcas of visually intense seepage that are not included
in our estimates arc (i} the Isla Vista seep described by
Mikolaj and Ampava [1973], (2) the area of intense gas
seepage near the Ellwood oil storage mooring, and (3} the area
in shallow water immediately offshore trom Coal Qil Point
described by Aflen et «f. [1970].

Our estimate of seep emission rates assumes that the bubble
size distrtbution of the seeps is the same as the size
distribution of the air bubbles in the artificial release
experiments. Visual estimates suggested that the air bubbles
and seep bubbles were simitar in size. However, we were not
able to quantitatively measure the bubble sizes during the
release experiments, owing to the short duration of the
releases. A systematic ervor in the calibration method would
result if the bubble size distribution in the calibration
experiment is different from the size distributioni of the natural
scep bubbles. For example, if the mean radius of the air bubbles
used in the catibration was twice as large as the mean radius of
the seep bubbles, then the seep emission rates would be
overestimated by approximately a factor of 2. This lingar
rclationship assumes that the scattering cross section is
proporticnal to the bubble radius and the bubble rise rate is
the same for the two bubble sizes, which is approximately true
for these size bubbles [Vagle and Farmer, 1992; Wallis,
1974}].
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Figure 4. Calibration curve of emission rate £ {in cubic meters and feet per
day) verses darkness of the sonar records in a sampled area &'A (in square
meteres and feet) for 50 kHz sonar. The date of he survey during which the
data was collected is given for each point on the curve. The calibration
coefficient was determined by a linear fit through the origin to the two
points with lowest emission rate for which the recordings did not appear to
be saturating. Ninety percent of the natural seepage is within the lincar
range.

An alternative interpretation of the calibration data in
Figure 4 is that the meun bubble size in the artificial release
cxperiments was larger at higher relcase rates. H this is true,
then we have best fit the calibration to the smallest bubble
size distributions in the rclease experiments. This would
result in an underestimate of the natural seepage rate, if the
bubble sive distribution for the natural seeps is larger than the
smallest bubble sizes in the artificial releases. To investigate
this possibility, we used a known scepage rate from the seep
containment device 1o validate the calibration method. During
the first survey in November 1994 there was a mechanical
failure at ong of the seep tents that caused 8500 m3d! 1o be
released into the ocean from a depth of 50 mbelow sea level
{Figure 2). The rclcase rate due to this mechanical failure is
well constrained, because the gases collected from the seep
tents are mcasured daily by the Santa Barbara County Air
Pollution Control District (SBCAPCD) [Luyendyk er al.,
19461, The mechunicat failure was repaired before the second
cruise in December 1994, The computed gas flux from the
vicinity of the seep tents during the first survey was 13,400
md!, and during the second survey it was 7000 m*d-! using
the air bottle calibration method described above. The
difference between these surveys yields a calculated emission
rate of 6400 m3d! owing to the mechanical failure, compared
with the metered cmission rate of ¥500 md™'. The emission
rate from the failed seep tent was therefore underestimated by
259, (6400 versus R500). This is equivalent to a 15%
underestimate of the total emission rate from the vicinity of the
seep tents in November, 1994 (ie., the emission rate was
underestimated by 2100 mid"! compared to a total emission
rate of approximately 13400 m?d-!). This magnitude of error is
consistent  with the experimental errors found in our
calibration experiments.
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3. Emission Rates

The gas emission rate estimated from the 50 kH7 data is .48
£ 0.22 x 105 mdd! (5.2 x 108 feet’d'). In addition to this gas
seepage, the seep containment tents located 1.5 km east of
platform Holly captured 1.9 x 104 md'! in late 1994, The total
1994-1995 gas emission rate from the Coal Qil Point seep
ficld was therefore approximately 1.67 £ 03 «x 105 mid!
(Table 1). The surveyed area of the nearshore Coal Oyl Point
seep field (between 34°23'17" and 34°24'N) composes 24% of
the total seepage, whereas the seeps along the South Ellwood
anticline compose 76% of the seepage (Figure 3).

We also surveyed the seep arca using a 3.5 kHz sonar
digitized at 10 kHz in the summers of 1995 and 1996. We ran
an artificial source experiment in November 1996 to calibrate
this 3.5 kHz system. This independent calibration experiment
used compressed nitrogen released at different rates through
diffusing nozzles deployed on the seafloor at approximately
40 m water depth, Qur analysis of these sonar data suggests a
seep flux of 2.03 + 1,02 x 10° m*d"! in July-September 1995
and 1,07 £0.54 x 10° md"! in August 1996 for the Coal Qil
Point scep field [Quigley, 1997] . This compares with the
estimate of uncontained seepage (not including the tents) fiom
the 50 kHz data of 1.4% £ .22 x 10> m’d’!, which is an
average scepage rate from November 1994 to November 1995
(four surveys).

The seep gas capturcd by the seep containment device is
composed of methane (88% by volume), nonmethane
hydrocarbons (10%), and carbon dioxide and nitrogen (2%).
Approximately 470 t of nicthane and 155 t of nonmethane
hydrocarbons are contained in I million m? of seep gas. The
methane emission rate therefore is 80 + 12 td’! and the
nonmethane hydrocarbon emission rate fiom the gas is 26 £ 4
td-!.

Table 1. Calculated Emissions From Coal Oil Point Seeps
Total Gas, 10* m* d"!

This Paper©  Quigley [1997]

50 kHz

Total © 168425 118459
Holly area *¢ 16405 ---
3.5 kHz, 1996

Total ¢ 11.745.9
3.5 kHz 1995

Total © --- 21.3+10.7
Holly area ¢ ¢ 36405 33017
1973

Hoily area € 6.9+1.0 50126

a ‘ .
Data were originally reported by Luvendvk et af. [1996].
Emissions were calculated for all § > O (see text).

b

Calculated emission values are 30% lower for the 50 kHz data
than reported in this paper. since Quiglev [1997] only summed
eiissions for § > (.1 (see text).

c . : Lo
7 Includes i86 x 16* m* d! of natural peepage cdptured by the
seep contatnment device (= 630,000 feet” d - December 1994).

d
Includes all seeps within a 2 km radius of the Holly oil platform.

c
Includes 1.0 x 10° m' d°! captured by the seep containment
device in 1995-1996 (= 350,000 feet’ d'in 1995-1996).




20,708

Oil is also emitted from the seeps and rises to the sea surface
as both pure oil globules and oil on the rims of the seep gas
bubbles. An oil collection experiment conducted in November
1995 cstablished a gas-oil ratio at the seep containment tents
of 94 cm® of oil per liter of gas [Clester e al., 1996a].
Assuming that this gas-oil ratio applies for the entire Coal Oil
Point seep ficld, the oil emission rate is 1.6x 104 Ld? (100
barrels of oil per day). This is an underestimate, because it
does not include the oil that seeps as pure oil globules closer
to shore near Coal Qil Point. Allen et al. [1970] estimated the
nearshore seepage rate at 50-70 barrels d'!. Therefore about
150-170 barrels of oil d°' are leaking from the natural seeps
here [Clester er al.. 1996b].

The seep oil that is emitted with the seep gas forms natural
oil slicks on the ocean surface that rapidly evaporate and
further contribute to air pollution in Santa Barbara County.
Analysis of seep oil collected in the November 1995
experiment showed that 30% (by weight) is composed of
aromatic compounds, 27% is  saturafes, and 43% is
nonvolatile constituents {asphaltic and NSO compounds).
This sample was collected after evaporating on the ocean
surface for 3 hours, so it Tost some of its volatile constituents
prior to analysis. Over half (>57%) of the seep oil therefore
evaporates into the atmosphere, and the other half is largely
deposited on beaches as tar or enters the open ocean. The
density of the seep oil is about 1.0 gm e (10 API gravity).
Consequently, we estimate that 9.1 td"! of nonmethane
- hydrocarbons are emitted into the atmosphere from the oil rims
associated with the seep gas bubbles. The total amount of
nonmethane hydrocarbons associated with the gas seeps that
are emitted into the atmosphere (from both the seep gas and the
associated bubble oil rims nat including the nearshore oil
seep sources) is estimated at 35+ 7 td! (=26 +9 td!). A 20%
error is applied to the nonmethane hydrocarbon emission rate
in order to account for the greater uncertainty in the gas/oil
ratio than in the gas emission rate.

The current rates of emission of oil and gas from the natural
seeps imply that large volumes of hydrocarbons have been
released into the environment over the historical period that
these sceps have been observed. At a rate of 150 barrels d-!
the total oil seepage over the past 200 years would have been
11 million barrels. Assuming that there are currently 1 billion
barrels of oil in place in the Monterey Formation offshore from
Coal Ol Point, 1.8 x 104 years would be required for this
subsurface reservoir to be drained at the current oil seepage
rate. The gas seepage may have a shorter life span. Oil
production at Platform Holly suggests that there are 9 + 3 m?
of gas dissolved in each barrel of oil in the subsurface. This
implies a reservoir of 9 £ 3 x 10° m® of gas or a 150 + 50 year
supply at current gas scepage rates. These calculations assume
that there is no recharge of the reservoir by subsurface
hydrocarbon migration, The scurce rocks in the Montercy
Formation in the basin to the south of Coal Oil Point (the
Offshore Ventura Basin; see Ogle ef al., [1987]) are the source
for the oil and gas in the Monterey reservoir. They are
currently experiencing peak thermal maturity and are expelling
large volumes of hydrocarbons at the present time, This has
been demonstrated for the Ventura Avenue oil field, which
contains over | billion barrels of oil [California Division of
Oil and Gas, 1991], but formed less than 7 x 105 years ago
[Sarna-Wojcicki et al., 1991]. The Ventura Avenue field is
located on the same anticlinal trend as the South Ellwood
field. Continual recharge of the Monterey Formation with

HORNAFIUS ET AL.: MARINE HYDROCARBON SEEPS, CALIFORNIA

hydrocarbons would prolong the life of the natural gas
secpage by many thousands of years.

4, Discussion

The areas of natural gas seepage correspond to structural
highs along the anticlinal axes of three east-west trending
anticlines on the shelf offshore fiom Coal Oil Point [Dibblee,
1966; Figure 3]. Well data and three-dimensional scismic
reflection data indicate that there are three structural highs
along the axis of the South Ellwood anticline (Figure 3): (1)
at the center of the "La Goleta" seep near 119°51.4'W
[Wilkinson, 1972], (2) at the seep tents, and (3) at the location
of platform Holly. All three structural culminations were sites
of active seepage in 1946-1947, 1953-1958, and 1972-1973
[Fischer and Stevenson, 1973, Fischer, 1977]. The older
surveys show an apparent larger area of seepage than today
{Figure 1 versus Figure 3). This could be a real effect, or it
could be due to the different mapping techniques used in the
older surveys, which were based on seafloor sampling (dart
cores) and visual observations at the sea surface using
relatively inaccurate navigation in 1946-1947 and 1953-
1958. Our surveys, which were conducted in 1994 and 1995,
found detectable hydrocarbon secpage over an area of 2.5
km .

Comparison of 3.5 kHz sonar profiles acquired by us in July
1995 with similar profiles collected in lJuly 1973 by P.
Fischer suggests that an &0% reduction in natural seepage
rate has occurred within 1 km of platform Helly over this 22
year period [ Washburn et af., 1996]. Quantitative analysis of
the analog sonar records, using the same technique described
in this paper, suggests a decrease in seepage rate from 6.9 x
104 m3d! to 3.6 x 104 m3d"! within 2 km of Platform Holly
between 1973 and 1995 (Table 1). This 50% reduction in
scepage rate is equivalent to about a 20 barrel d'! reduction in
oil seepage rate and a decrease in nonmethane hydrocarbon
emissions to the atmosphere of 7 td"!, This decrease may be
due to the reduction in subsurface reservoir pressure related to
oil production [Quigley. 1997]. This possibility was
originally suggested by Fischer [1977] and Fischer and
Stevenson [1973]. A reduction in natural hydrocarbon
seepage rates due to oil production has also been reported in
Texas, Venezuela, and iraq [Herviiz, 1972; Landes, 1973]. The
large reduction in the amount of tar found on Santa Barbara
beaches between 1958 and 1977 may also be due to offshore
oil production [Mertz, 1959; Welday, 1977).

The nonmethane hydrocarbon emission rate from the gas
seeps that we surveyed offshore from Coal Oil Point is
estimated to be 35 £ 7 td”!. These nonmethane hydrocarbons
are reactive orgahic gases that are catalysts for the formation of
troposphzric ozone, which is a health hazard if found in high
concentrations  (i.e.. urban smog). The nonmethane
hydrocarbon fraction of the seep gases include 20% by weight
ethane [Taylor and Schofle, 1981]. Currently, the
Environmental Protection Agency excludes ethane as an
ROG; we include this gas in order to be consistent with
earlier ROG estimates reported for Santa Barbara County. The
seep field ROG emission rate we determined is about twice the
predicted ROG emission rate from all the on-road vehicle
traffic in Santa Barbara County of 17 td™! for 1990 [SBCAPCD,
1989]. Furthermore, our estimate of ROG emission rates from
the seeps at Coal Oil Point is 3 times as large as the official
Santa Barbara County Air Pollution Control District’s seep




ssion estimate of 10 td! for 1990. Our estimate of the
ROG emissions associated with the gas seeps does not
include the 50-70 barrels d'! of oil seepage from the nearshore
Coal (4l Point and lsla Vista seeps described by Allen ef al.
[1970] and Mikolaj and Ampaya [1973]; theretore the actual
ROG cmission from the seep field is larger than 35 td”. These
cmission rates are large compared to the ROG emission rates
fiom operations at platform Holly and its associated onshore
oil processing facilities (0.5 metric td-! [SBCAPCD, 1994]),
which are tightly regulated by Santa Barbara County. )
Hydrocarbon seeps comprise the largest source of marine
methane emissions [Judd and Hoviand, 1992]. Hoviand et al.
[1993] arrived at a global flux estimate for methane from
natural marine hydrocarbon seepage of 8-65 Tg CH, yrl (Tg =
triilion grams yr'; §-65 million tyr-!). They used an estimate
of 400 gm CH, m? yr'! and 18 km? area for the Coal Oil Point
seep field to fix the upper limit of seep emission rates for an
assumed lognormal probability distribution of seep sizes
throughout the world. The mean emission rate for high
seepage areas was calculated to be 4.7 to 38 g CH, 2 yr!
fiom this log normal distribution (Table 2). They then
extrapolated this rate to the remainder of the world's
continental shelf areas that have high seepage potential (an
area of 1.7 x 10° km?) to obtain a global methane emission rate
of 810 65 Tg yr!. This range assumes that the Coal Oil Point
seeps represent 4 seepage rate that is only exceeded by 0.1%
and 1% of all marine seepage areas.

Our results yield a mean methane emission rate for the Coal
(il Point seep field of 1600 gm CH, m~ yr!, which is 4 times
the estimate used by Hovignd er al. [1993] to estimate the
slobal methane marine seepage emission. We have revised the
Hoviand et af. [1993) estimate by using their methodology
but with a better estimate of seepage rate at Coal Oil Point.
Assuming the same minimum seepage rate (at 99.9% and 99%
probability levels) as Hoviand er al. [1993] and our estimate
of 1600 gm CH, m? yr'! (for the 0.1% and 1% probability
levels) yields a mean {expected value) estimate of 15 to 208 g
{Hy m? yr! for average marine seepage rates in areas with
_high scepage potential (Table 2). A more likely estimate
results if the lognormal distribution is truncated, so that 1600

Table 2. Lognormal Estimation of Global Methane Emission
Rates for Marine Seepage Area.

HORNAFIUS ET AL.: MARINE HYDROCARBON SEEPS, CALIFORNIA

Probability*  Hovland e af. [1993] This Paper

EV EV' EV With Truncation *¢

Mean Global Methane Emission gm CH4 m? yr!
P %} 38 208 28
PO1%) 4.7 15 {0

Totul Global Methane Emission Tg CH4 yr!
PG 65 353 48
RLUNNA) 8 26 18

a

Probability is that the Coal Oil Point seeps have a seepage rate
that is only exceeded by 0.1% and 1% of all seepage in the world’s
“high seepage potential areas.”

Ij\"nluc:s: denate expected value (mean} of lognormal distribution
with P(99%) or Pt99.9% ) probability of emission rate greater than 1.5 x
10! ¢ CH4 w2 yr* and P(1%) or P(0.1%) probability greater than
1600 ¢ CHA m? yrl,

¢

Values denote expected value (mean) of lognormal distribution
that is truncated at Pi1%) or Pi0.1%) probability of emission equal to
1600 g CH4 m2 yrl.

1,

gm CH, m? yr! is the maximum emission rate for mazursd
seepage in the maring environment. Truncating the logns
distribution at the value estimated for the Coal Oil Point
seeps 1s consistend with the observation that this is one of the
most active seepage areas in the world. The truncated
distribution results in a mean methane emission rate of 10 to
28 g CH, nye yrt (Table 2). Extrapolating this range 1o the
high seepage potential areas of the world’s continental
shelves produces a global methane flux estimate of 18 to 48 Tg
yr'! for marine seepage.

The [ntergovernmental Panel on Climate Change assigns 10
Tg yr! to natural seepage from all geological sources
[Hougiton et al., 1995]. This IPCC value is far less than both
the original estimates of Hoviand et af. [1993] and our new
estimate of 18 to 48 Tg yr!, based on emission estimates for
the Coal Qil Point seep field. The total methane flux to the
atmosphere is about 510 Tg yr'! [Khalil and Rasmussen,
1995]. OQur estimate of methane emission from the natural
seepage on the continental shelves is equivalent to 3% to 9%
of global methane emissions. This estimate may only represent
half of the natural methane seepage, because less than half of
the world’s hydrocarbon basins occur offshore. A larger
estimate for global natural seepage rates would help to explain
the unknown source of isotopically heavy methane in the
global methane budget [Crutzen, 1991; Lacroix, 1993],

5. Conclusions

The ROG emission rates from the Coal Oil Point seeps are a
large source of hydrocarbon pollution in Santa Barbara
county {equal to twice the emission rate from all the on-road
vehicle traffic in the county in 1990). Santa Barbara County
has had difficulty reaching Environmental Protection Agency
(EPA) air quality standards, in spite of vigilant regulation of
industrial sources of ROGs and large reductions in
automobile emissions over the past decade. The ROG
emission rates found in our study for Coal Oil Point gas seeps
(35 td"ly are 3 times the seep ROG emission rates estimated in
the official Santa Barbara County air emission inventory
[SBCAPCD, 1994]. Furthermore, Fischer [1977] estimated
that the Coal Qil Point seep field contains only half of the
marine seceps in Santa Barbara County. The official Santa
Barbara County Air Pollution Control District estimate of
seep ROGs in all of that county (14.5 td™!) is therefore too low
by at least a factor of 4. Reaching EPA air quality attainment
status in Santa Barbara County may require an effective means
of containing or remediating the natural seeps.

The decrease in hydrocarbon seepage rate near platform
Holly, possibly due to the reduction in subsurface reservoir
pressure, suggests that oil production here has resulted in an
unexpected benefit to the atmosphere and marine environment.
Natural hydrocarbon scepage is frequently found above eil
fields throughout the world {Link, 1952]. If the decrease in
natural seepage founa near Platform Holly is representative of .
the effect of oil production on seepage worldwide, then this
has the potential to significantly alter global oil and gas
seepage in the future. On a local level a reduction in seepage
due to oil production can have a profound effect on the air and
water quality. For example, if the 50% reduction in natural
seepage rate that occurred around Platform Holly also
occurred because of future oil production from the oil field
beneath the La Goleta seep, this would result in a reduction
in nonmecthane hydrocarbon emission rates equivalent to
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removing half of the on-road vehicle traffic from Santa Barbara
County. In addition, a 50% reduction in seepage from the La
Goleta seep would remove about 25 barrels of il per day from
the sea surface, which in turn would result in a 15% reduction
in the amount of tar found on Santa Barbara beaches.

OQur study suggests that global estimates of natural
hydrocarbon gas seepage nuay be too low. Using the global
emission estimate of 18-48 Tg of methane per year proposed
here implies that 3-9% of the global methane flux is due to
natura! hydrocarbon seepage on continental shelves. A large
contribution from onshore natural seepage is also expecied,
based on the size of onshore hydrocarbon basins compared
with the extent of continental shelf hydrocarbon basins. The
rafe of increase in global methane atmospheric concentrations
has been decreasing for the past 20 years [Houghton el al.,
1996]. A worldwide decrease in natural hydrocarbon secpage
related to onshore and offshore oil production may be causing
a global reduction in natural methane emission rates.
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